Several studies suggest that neutralizing acid load in the diet with alkali had favorable effects on intermediate markers of musculoskeletal health. We examined whether alkali supplementation with potassium bicarbonate [(KHCO 3 ); 81 mmol/d; n = 12] vs placebo (n = 12) for 84 days altered serum microRNAs, potential biomarkers associated with innumerable biological processes including bone and muscle metabolism. Serum microRNAs, urinary net acid excretion (UNAE), urinary N-telopeptide (UNTX), urinary calcium (UCa), urinary nitrogen (UN), glomerular filtration rate, serum procollagen type 1 amino-terminal propeptide (P1NP), serum insulin-like growth factor-1 (IGF-1), and its serum binding protein IGFBP3 were measured at baseline and day 84. Baseline characteristics and measurements were similar in the two treatment groups. Eighty-four-day changes in UNAE differed by group (KHCO 3 , 247 6 9 mmol; placebo, 25 6 5 mmol; P , 0.01). KHCO 3 significantly reduced UNTX, UCa, and serum P1NP but did not affect UN, serum IGF-1, or IGFBP3 levels compared with placebo over 84 days. Fold change in serum circulating microRNA (c-miR)-133b differed significantly by group (KHCO 3 , 2.26 6 0.85; placebo, 21.23 6 0.69; P , 0.01); there was a similar trend in c-miR-21-5p. Fold changes in c-miR-133b and c-miR-21-5p were inversely associated with changes in UNAE and UNTX; fold change in c-miR-21-5p was inversely associated with change in UCa, with a similar trend with c-miR-133b. In summary, reducing renal acid load with KHCO 3 was associated with increased expressions of c-miR-133b and c-miR-21-5p. Furthermore, increases in c-miRNA-133b and c-miR-21-5p were inversely associated with bone resorption markers UNTX and UCa consistent with potential beneficial effects on bone in older adults. However, the broader significance of c-miRNAs as musculoskeletal biomarkers is still under investigation, and larger studies are needed to verify these preliminary results.
alkaline supplementation has reduced urinary nitrogen (UN) excretion [8] [9] [10] and increased serum insulin-like growth factor-1 (IGF-1) concentrations [9] . However, benefit on biomarkers of muscle mass has not been consistent across studies [4] .
Small noncoding RNA, known as microRNA (miRNA), has recently demonstrated important functional roles in regulating key processes determining bone and skeletal muscle mass [11] [12] [13] [14] . miRNAs are synthesized in the nucleus of cells and then are exported to the cytoplasm where they target specific genes for repression of degradation or translation [15] [16] [17] [18] [19] . miRNAs can function within the cytoplasm of their cell of origin, or they can be taken up by membrane-derived vesicles and exported into the circulation to be transferred to recipient cells in the same or other tissue [20, 21] . Being membrane-bound, circulating miRNAs (c-miRNAs) were shown to be stable and reproducible analytes [22, 23] , with alterations in c-miRNA profiles reflective of the underlying physiological state of donor tissue, thus offering a unique perspective as noninvasive biomarkers [24] . Multiple recent cross-sectional investigations have found that dysregulation in the expression of c-miRNAs correlates with disease states such as osteopenia [25] [26] [27] [28] and sarcopenia [29] [30] [31] . However, longitudinal data are lacking on changes in c-miRNA expression profiles in response to interventions aimed at improving bone and skeletal muscle health.
The objective of this pilot study was to examine whether a subset of participants consuming an alkaline salt supplement, oral KHCO 3 , or matched placebo for 84 days had altered c-miRNA expression profiles: miRNAs 1-3p, 21-5p, 122, 125, 133a-3p, 133b, 206, 422, and 486. The miRNAs assessed in this investigation were chosen because they target molecular pathways involved in the regulation of bone and muscle mass and have changed in the circulation under physiological conditions that impact bone and skeletal muscle (Table 1) . Furthermore, this investigation sought to determine the association between changes in the expression of these musculoskeletal-associated c-miRNAs and changes in established indices of bone [urinary N-telopeptide (UNTX); P1NP; urinary calcium (UCa)] and muscle metabolism [UN, serum IGF-1, and its binding protein (IGFBP3)] by treatment group.
Materials and Methods

A. Participants and Study Design
This was an 84-day randomized, double-blind, placebo-controlled trial to determine the optimal dose of KHCO 3 (1.0 vs 1.5 mmol/kg/d) vs placebo to maximally suppress bone resorption as measured by UNTX in healthy ambulatory older men and women free of chronic disease. This duration of supplementation was previously reported as sufficient to induce changes in bone and muscle health [10] . The eligibility criteria, design, and methods of the main trial have been described in detail elsewhere [4] . Briefly, inclusion criteria were age $60 years and an estimated glomerular filtration rate of at least 50 mL$min -1 $1.73 m 2 . Participants were encouraged to maintain stable diets and physical activity during the trial. This protocol was approved by the Tufts Medical Center-Tufts University Institutional Review Board and written informed consent was obtained from each subject. All subject visits took place at the US Department of Agriculture (USDA) Human Nutrition Research Center on Aging at Tufts University. The study is registered at Clinicaltrials.gov (http://clinicaltrials. gov/show/NCT1475214).
The current observational study was conducted using serum samples from 24 participants randomized to two of the three arms: placebo (n = 12) and KHCO 3 1 mmol/kg/d (n = 12), with average KHCO 3 of 81 mmol/d. A priori criteria for selection were based on our main study findings [4] and included the following: (1) baseline urinary net acid excretion (UNAE) of 5 mmol or greater as an indicator of higher endogenous renal net acid status at baseline and (2) equal numbers of men and women in the two groups.
B. Supplements
The KHCO 3 capsules contained 13.5 mmol of KHCO 3 each, and the matching placebos contained microcrystalline cellulose. In the main trial, KHCO 3 (1 mmol/kg/d) or matching placebo was administered as two capsules after each meal three times daily. KHCO 3 and placebo capsules were purchased from Life Enhancement Products, Inc. (Petaluma, CA), with independent analysis (Covance, Princeton, NJ) confirming that the treatment capsule contained 13.5 mmol of KHCO 3 . To reduce side effects (i.e., to reduce risk of gastrointestinal intolerance) of KHCO 3 , capsule intake was gradually increased daily at the initiation of the study until the full assigned dose was achieved. Serum potassium safety checks were conducted from fasting blood draws on study days 10, 13, 16, 19, 22, and 50. A calcium and vitamin D supplement was supplied to all participants. Adherence was measured by pill counts and UNAE. Adherence with the study capsules averaged 92.2% in the placebo group and 91.3% in the KHCO 3 group. Further details are described elsewhere [4] .
C. Anthropometrics and Body Composition
Baseline height was measured using a wall-mounted stadiometer, and baseline weight was measured using a calibrated digital scale. Baseline dual-energy x-ray absorptiometry (Hologic, Bedford, MA) was used to assess body composition (fat mass and fat-free mass).
D. Biochemical Measurements
Blood was drawn between 7:00 and 9:30 AM after the subjects had fasted for 12 hours. All samples were batched for analyses. Serum P1NP was measured by competitive radioimmunoassay with Uni P1NP RIA kits from Orion Diagnostica (Espoo, Finland), with intraassay and interassay coefficient of variances (CVs) of 5.0% and 8.1%, respectively. Serum IGF-1 and IGFBP3 levels were measured by chemiluminescent immunoradiometric assay on an automated immunoassay system (IMMULITE 1000; Diagnostic Product Corp., Los Angeles, CA), with CVs of 3% to 9%. Urinary creatinine was measured on an automated clinical chemistry analyzer (Olympus AU400; Olympus America Inc., Melville, NY), with CVs of 3% to 6%. UCa was measured by direct-current plasma emission spectroscopy (Beckman SpectraSpan VI Direct Current Plasma Emission Spectrophotometer; Beckman Instruments, Fullerton, CA) with a CV of 3% to 5%. UNTX was measured by enzyme-linked immunosorbent assay (Wampole, Princeton, NJ), with a CV of 5.6% to 7.7%. UN was measured with a model FP-2000 nitrogen/ protein determinator (LECO, St. Joseph, MI), with intra-assay and interassay CVs of 6.5% and 8.6%, respectively [10] . Urinary pH was determined with the Accumet Excel pH meter (Fisher Scientific, Pittsburgh, PA). UNAE in urine (UNAE = titratable acid + NH 4 + 2 HCO 3 -) was measured in our laboratory by a modification of the Jørgensen titration method [32] as described by Chan [33] , with a precision of 10.1% [3] .
E. Circulating microRNA Extraction and Expression
From serum, RNA was extracted using an miRVana TM PARIS TM RNA Purification Kit (AM1556; Applied Biosystems, Foster City, CA). From extracted RNA, miRNAs of interest (Table 1) were analyzed using TaqMan ® MicroRNA Assays (4427975; Applied Biosystems) following previously described multiplex reverse transcriptase (RT) and preamplification protocol. Briefly, miRNAs were reverse-transcribed using the TaqMan ® microRNA RT kit (4366596; Applied Biosystems) with the miRNA-specific stem-loop RT primers pooled in 13 Tris-EDTA buffer for a final dilution of 0.053 for each miRNA RT primer. The RT primer pool (6 mL) was then added to the RT reaction mix (0.3 mL 100 mM deoxynucleoside triphosphate, 3 mL enzyme, 1.5 mL 103 RT buffer, 0.19 mL ribonuclease inhibitor) and 4 mL of serum RNA. A preamplification step was performed to increase the complementary DNA template using a primer pool of 203 Taqman ® Small RNA Assay for the miRNA of interest at 0.053 concentration in 13 Tris-EDTA buffer. Preamplification reaction mix was constituted of 3.75 mL primer pool, 2.5 mL complementary DNA, 12.5 mL Taqman ® Universal PCR Master Mix (23), no uracil-N-glycosylase (#4440040; Applied Biosystems), and 6.25 mL nuclease-free H 2 O. Reverse transcription and preamplification were conducted following the manufacturer's instructions in a T100
TM Thermal Cycler (Bio-Rad, Hercules, CA). After preamplification, quantitative reverse transcription polymerase chain reaction amplifications were conducted following the manufacturer's instructions using the CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA). All miRNAs were normalized to U6 small nuclear RNA. Fold changes were calculated from baseline values using the ΔΔ cycle threshold method.
F. Statistical Analysis
Comparisons between baseline descriptive characteristics were conducted using the independent Student t test. Data were examined to determine if sex impacted outcome variables. There was no effect of sex on variables at the conclusion of the 84-day trial. Mixed-model repeated measures analysis of variance was performed to assess the effects of time (baseline vs day 84), treatment [KHCO 3 vs placebo], and time-by-treatment interactions for blood and analytes and c-miRNA expression. On the basis of the Akaike information criterion, unstructured covariance was determined as the appropriate model for analysis. For post hoc pairwise comparisons, Bonferroni correction was performed. Fold change data for c-miRNA were log transformed (log 2 ) for statistical analysis. Multidimensional scaling of significant or near significant c-miRNA (miR-133b and miR-21-5p) was preformed using MetaboAnalyst 3.0 (http://www.metaboanalyst.ca). Spearman's r rank correlation coefficient was used to determine associations between c-miRNA expression and Δ values of blood and urine analytes. The a level for significance was set at P # 0.05. Data were analyzed using IBM SPSS Statistics for Windows Version 22.0 (IBM Corp., Armonk, NY).
Results
A. Study Sample and Intervention
Baseline characteristics did not differ between treatment groups ( Table 2 ). As expected, by the end of the study (day 84), UNAE was significantly reduced with KHCO 3 (247 6 9 mmol) compared with placebo (25 6 5 mmol; P , 0.01; time-by-treatment effect), demonstrating the effect of our intervention.
B. Traditional Biochemical Parameters
As seen in the larger cohort in the main study [4] , KHCO 3 altered biomarkers of bone health (Table 3) . During the 84-day intervention, KHCO 3 supplementation significantly reduced UNTX compared with placebo (KHCO 3 = 2158 6 31 nmol; placebo = 247 6 28 nmol; time-bytreatment interaction P , 0.05) and UCa (KHCO 3 = 223 6 19 mmol; placebo = 38 6 18 mmol; time-by-treatment interaction P , 0.05). Although there was a time effect for serum P1NP (P , 0.05), there was a trend only for a KHCO 3 effect in this small sample (P = 0.10). In addition, similar to our larger cohort in the main study, [4] there were no statistically significant differences in UN (KHCO 3 = 27.2 6 11.2 mg$kg 21 ; placebo = 7.3 6 17.1 mg$kg 
C. Changes in c-miRNAs
Alterations in the nine c-miRNAs over the 84-day intervention by group are listed in Table 4 . Expression of c-miR-133b was significantly upregulated at day 84 in the KHCO 3 group vs the placebo group (time-by-treatment interaction P = 0.02) [ Fig. 1(a) ] with a similar trend noted in expression of c-miR-21-5p (time-by-treatment interaction P = 0.065) [ Fig. 1(b) ]. Multidimensional scaling of participants by expression of c-miR-133b and c-miR-21-5p on study day 84 showed that those receiving placebo generally clustered together, with negative principal component 1 values (Fig. 2) . Participants receiving KHCO 3 supplementation had more spread, with partial overlap with participants in the placebo group. This result suggests interindividual variance in the response to KHCO 3 supplementation compared with placebo in this pilot study with a limited sample size. There was a statistically significant inverse association between 84-day change in c-miR-133b expression and changes in UNAE (r = 20.665; P , 0.01) [ Fig. 3(a) ] and UNTX Values are presented as mean 6 standard error of the mean (log 2 ). P Values were calculated using mixed-model repeated measures analysis of variance with Bonferroni adjustment for pairwise comparisons. Bold numbers highlight statistical differences. Abbreviation: T 3 T, time-by-treatment interaction. Fig. 3(f) ]. Lastly, 84-day changes in c-miR-133b and c-miR-21-5p were also inversely correlated with changes in serum P1NP levels, but the associations were not statistically significant (c-miR-133b, r = 20.271; P = 0.20; c-miR-21-5p, r = 20.283; P = 0.18).
Discussion
Our study demonstrated that after 84 days of KHCO 3 supplementation, there was a significant increase in the expression of c-miR-133b compared with placebo in our sample of older men and women with baseline positive renal acid load. Furthermore, upregulation of c-miR133b expression was associated with reductions in renal acid load and traditional markers of bone resorption. There was a trend toward an increase in c-miR-21-5p in response to KHCO 3 supplementation, and as with c-miR-133b, upregulation of c-miR-21-5p expression was significantly associated with lower renal acid load and bone resorption markers including UCa.
A. c-miR-133b
miR-133b is a unique miRNA, being a critical regulator in both bone [34] and skeletal muscle [35] . Through the regulation of bone morphogenetic protein 2, miR-133b has been reported to influence osteogenesis [34] . When miR-133b is overexpressed in mesenchymal cells in bone, it can directly inhibit runt-related transcription factor 2, a transcription factor critical to bone formation, by promotion of osteoblast differentiation [34] . Therefore, an increase in miR-133b expression within bone tissue suggests a reduction in osteoblastic activity. The significance of an increase in levels of c-miR-133b is less clear. We found a strong inverse association between c-miR-133b and UNTX over an 84-day period. There was also a trend for an inverse association between c-miR-133b and serum P1NP. These findings suggest that a rise in c-miR133b may be indicative of lower bone remodeling in the older adult population, which in turn could be construed as bone sparing. Notably, a cross-sectional case-control study reported that c-miR-133b expression was lower in postmenopausal women who suffered an osteoporotic fracture at the femoral neck than in healthy age-matched controls [36] , suggesting that higher c-miR-133b is a marker of reduced bone fragility. To our knowledge, however, there are no published longitudinal controlled data on changes in c-miR-133b from human intervention studies to improve bone health to confirm these findings. Increased expression of miR-133b in C 2 C 12 myoblasts promotes skeletal muscle mass via myogenesis and hypertrophy by repressing expression of serum response factor and the IGF-1 receptor [35, 37] . Nevertheless, in our small sample of older adults, 84-day change in c-miR133b expression was not associated with changes in current biomarkers of muscle anabolism and catabolism (UN, IGF-1, or IGFBP3) . Notably, compared with current biomarkers of bone turnover, these muscle biomarkers can be highly variable in individuals on self-selected diets. Therefore, it would be useful to reexamine these associations in larger samples.
B. c-miR-21-5p
In bone-marrow macrophages, upregulation of miR-21-5p has enhanced the generation of osteoclasts [38, 39] by way of diminishing total protein expression of programmed cell death 4, a known inhibitor of osteoclastogenesis [40] . Although its upregulation in bone macrophages promoted osteoclastogenesis and bone resorption, the significance of higher circulating levels of this protein has not been studied in randomized controlled intervention studies.
In our study following 84 days of KHCO 3 supplementation, we found that higher expressions of c-miR-21-5p were associated with lower bone resorption as measured by UNTX and UCa, suggesting bone sparing in this older population. Similar to our c-miR-133b results, a trend for an inverse association between change in c-miR-21-5p and change in serum P1NP values was observed. In support of our data, a recent cross-sectional study found that postmenopausal women diagnosed with osteoporosis by dual-energy x-ray absorptiometry had lower expression of c-miR-21-5p than healthy controls [25] , suggesting that higher levels of c-miR-21-5p favor higher bone mass. However, two other investigations reported that miR-21-5p expression was elevated in the circulation in individuals with osteoporotic fractures compared with expression in individuals with osteoarthritis [26] or nonosteoporotic fractures [27] . In the latter study, however, a limitation was lack of documentation of the time frame of postfracture serum collection across study subjects. Without standardization of collection time postfracture, there may be wide variations in c-miRNA levels similar to what is seen in traditional circulating markers of bone resorption such as UNTX [41] . Thus, discordant results on the direction of c-miR-21-5p expression from previous investigations may be due to study design, population, and methodological differences.
C. Strengths and Limitations
This pilot study had important strengths, mainly a parallel-arm, blinded, placebo-controlled design that examined changes in c-miRNAs involved in bone and muscle homeostasis. Most of the published literature evaluating these miRNAs in the circulation as potential biomarkers was cross-sectional in design. A limitation of our study was a small sample size, which may have prevented us from detecting any additional differences in c-miRNAs between groups. However, this study generated findings that can be pursued in a larger cohort in the future. Another limitation is that we measured total c-miRNA levels rather than those within organspecific microvesicles. The latter, newer methodology will be an important next step in identifying, for example, whether alterations in c-miR-133b are specific to the effect of KHCO 3 on bone, or muscle, or both.
Conclusion
This pilot investigation provides preliminary evidence that reductions in bone resorption following 84 days of KHCO 3 supplementation were reflected by changes in c-miR-133b and c-miR-21-5p expression. Although previous studies reported that bone and muscle disease were cross-sectionally correlated with c-miRNA expression profiles, the current study reported longitudinal changes in c-miRNA expression with alkali supplementation, altering the endogenous acid load in older adults. Further work in a larger sample is needed to confirm these findings and to clarify with newer techniques whether our two main findings are related to bone, or muscle, or both. In addition, it is important to look at a broader miRNA profile to understand the biological pathways involved.
